T
he organization of enzymes into macromolecular complexes localized to specific subcellular sites is emerging as a central feature of cellular metabolism. The now-classic experiments of Zalokar (1) and Kempner and Miller (2) first indicated that the cytosol contains little if any soluble or freely diffusing protein.
Extensive work with the enzymes of the Krebs TCA cycle, glycolysis, fatty acid oxidation, and other metabolic pathways has since pointed to subcellular organization as critical for many aspects of enzyme function, including maintaining high local substrate concentrations, separating anabolic and catabolic events, maintaining stereospecificity, and sequestering highly reactive or toxic intermediates (reviewed in refs. 3 and 4) . An underlying assumption of many of these studies has been that interactions among enzymes, membranes, and the cytoskeleton create the foundation for this organization. Experimental evidence for these interactions has begun to emerge in a number of systems (5, 6) and is being supported by structural information identifying channels between active sites on the same or different polypeptides (7) (8) (9) . Thus, there is strong support for the longstanding hypothesis that enzymes have both structural and catalytic functions, with concomitant constraints on the evolution of protein structure (10) (11) (12) .
The flavonoid pathway of higher plants provides a powerful biochemical genetic system for studying metabolic organization. Flavonoids are secondary metabolites derived from phenylalanine and acetyl CoA (Fig. 1 ) that perform a variety of important functions in plant growth, reproduction, and survival and also serve as important micronutrients in human and animal diets (reviewed in refs. [13] [14] [15] [16] . Biosynthesis occurs in the cytosol, resulting in the production of an enormous variety of products that are then transported into the vacuole via, in at least some species, an ATP-dependent glutathione pump. Because these compounds are not essential under laboratory conditions, flavonoid mutants have been identified in numerous plant species based on altered seed or flower pigmentation. Genes encoding flavonoid structural and regulatory proteins have been cloned and characterized in a variety of plants and found to be expressed in response to a wide range of external and internal cues. In Arabidopsis, genes have been isolated for seven different flavonoid enzymes: chalcone synthase (CHS), chalcone isomerase (CHI), flavanone 3-hydroxylase (F3H), flavonoid 3Ј-hydroxylase (F3ЈH), flavonol synthase, dihydroflavonol reductase (DFR), and leucoanthocyanidin dioxygenase ( Fig. 1) (refs. 17-21 ; C. Cobbett, personal communication; A. Bandara and B.W.-S., unpublished results). All but one of these enzymes, flavonol synthase, are encoded by single-copy genes, allowing null alleles that disrupt flavonoid biosynthesis throughout the plant to be identified for CHS, CHI, F3H, F3ЈH, and DFR. The sequential expression of flavonoid mRNAs and proteins during development and in response to light (17, 18, (22) (23) (24) suggests that controlled synthesis of flavonoid enzymes could mediate the production of specific end products, possibly via the assembly of spatially and temporally distinct enzyme complexes.
The concept that the flavonoid, sinapate, and lignin pathways could be organized as enzyme complexes was first proposed by Stafford (25) , in part, to explain how these pathways are able to compete for common intermediates (reviewed in ref. 26) . Soon thereafter, Fritsch and Grisebach (27) suggested that flavonoid biosynthesis takes place partly or completely on membranes, based on analysis of enzyme activities in permeabilized cells and microsomes (reviewed in ref. 28 ). Hrazdina and Wagner (29, 30) subsequently performed channeling, gel filtration, and cell fractionation studies that indicated that phenylalanine ammonialyase, cinnamate-4-hydroxylase, CHS, and UDP-glucose flavonoid glucosyltransferase function as part of one or more membrane-associated enzyme complexes in amaryllis, buckwheat, and red cabbage. Further immunocytochemical studies indicated that CHS was located at the cytoplasmic face of the rough endoplasmic reticulum (31) . This led to a model in which the phenylpropanoid and flavonoid pathways are organized as a linear array of enzymes loosely associated with the endoplasmic reticulum and anchored via the cytochrome P450-dependent monooxygenases, cinnamate-4-hydroxylase and F3ЈH (32, 33) . However, the apparent fragility of the enzyme interactions and the inability to isolate an intact complex from lysed plant cells slowed efforts to further characterize this organization and to define its role in regulating phenylpropanoid and flavonoid biosynthesis. The availability of cloned genes for the enzymes of the core flavonoid pathway, convenient protein expression systems, and sensitive approaches for detecting protein-protein interactions now offers opportunities for exploring these questions further. Here we describe the use of biochemical genetic methods to provide evidence for specific protein-protein inter-actions among four enzymes of flavonoid biosynthesis in Arabidopsis.
Materials and Methods
Two-Hybrid Assays. Full-length cDNAs encoding Arabidopsis CHS, CHI, and DFR were amplified by PCR from existing clones in pBluescript KS(ϩ) (34) . The sequence of the upstream primer was 5Ј-ATACTCGAGGCTGCAGGAATTCATG-3Ј for CHS and CHI and 5Ј-ATGTCGACGCTGCAGGA AT-TCATG-3Ј for DFR, and the downstream primer for all three clones was 5Ј-ATAGCGGCCGCCCCTCGTGGACGAC-3Ј. The products were digested with NotI and either XhoI (CHS and CHI) or SalI (DFR) and then subcloned into the two-hybrid vectors, pBI-880 (containing the Gal4 1-147 DNA-binding domain) and pBI-881 (containing the Gal4 768 -881 transactivation domain) (ref. 35 ; generously provided by W. L. Crosby, National Research Council, Plant Biotechnology Institute, Canada). Correct orientation and in-frame fusion of the cDNAs were confirmed by sequencing as described previously (20) . The yeast strain HF7c (36) was transformed with pairwise combinations of the fusion constructs by using the method of Gietz and Schiestl (37) . Double transformants were selected on leu-, trp-minimal medium (38) . Interactions between fusions were assayed after 4 days of incubation on leu-, trp-, his-minimal medium containing 5 mM 3-aminotriazole (Sigma). To quantify ␤-galactosidase activity, overnight cultures were grown under appropriate selection conditions. Cell density was determined by direct counting by using a hemocytometer, and 10 9 yeast cells were collected by centrifugation at 7,000 ϫ g for 10 min. Cells were washed and spheroplasts were prepared by using ␤-1,3-glucanase from Arthrobacter luteus (ICN) as described in Ausubel et al. (38) . ␤-Galactosidase was measured by using the Galacto-Light chemiluminescent reporter assay (Tropix, Bedford, MA) according to the manufacturer's protocol; luminescence was measured with a Lumat LB 9501 luminometer (Berthold, Nashua, NH).
Recombinant Protein Expression and Purification. Construction of CHS and CHI as fusions to the carboxyl terminus of thioredoxin (TRX) in pET32a was described previously (19) . Expression in E. coli strain BL21(DE3) (Novagen) was induced by incubation with 1 mM dioxane-free isopropyl-␤-D-thiogalactopyranoside (United States Biochemical) at 25°C for 4 h. Cells were collected at 7,000 ϫ g for 10 min at 4°C, washed with 0.25 vol of ice-cold wash buffer (25 mM Hepes, pH 8.0͞1 mM EDTA), and then frozen at Ϫ80°C. The cell pellets were resuspended in 3.5 ml of lysis buffer (50 mM Hepes, pH 8.0͞150 mM NaCl͞2 mM 2-mercaptoethanol͞1 mM PMSF) per gram of cells and then sonicated (3 ϫ 10 sec) on ice. DNase I (Boehringer Mannheim) and Tween-20 were added to final concentrations of 40 g͞ml and 1%, respectively. Lysates were agitated gently for 20 min at 25°C. After centrifugation at 30,000 ϫ g for 10 min, recombinant protein was purified from the supernatants by using TALON metal affinity resin (CLONTECH) according to the manufacturer's instructions. The columns were washed with 10 vol of lysis buffer and then with 10 vol of 5 mM Hepes, pH 8.0͞500 mM NaCl͞1 mM 2-mercaptoethanol͞1% Tween-20, and, finally, with 10 vol of 5 mM Hepes, pH 8͞150 mM NaCl͞1 mM 2-mercaptoethanol͞1% Tween-20. Elution was in 50 mM Pipes, pH 6.5͞150 mM NaCl͞50 mM imidizole͞1 mM 2-mercaptoethanol͞1% Tween-20. Successful expression and purification were verified by SDS͞PAGE. Purified recombinant protein was dialyzed against 50 mM Mops, pH 7.2͞150 mM NaCl͞1 mM 2-mercaptoethanol͞0.1% Tween-20 at 4°C by using Slide-ALyzer dialysis cassettes (10,000 molecular weight cutoff; Pierce).
Plant Material. Arabidopsis seedlings were grown on MS-agar medium containing 2% sucrose (22) in constant white light (100 E͞m 2 ) at 22°C for 3 days. Seedlings were washed with distilled water, gently blotted dry on Whatman No. 1 paper, and then used fresh or stored frozen at Ϫ80°C. The Columbia ecotype was used, except in the affinity chromatography experiments, where Landsberg wild type, tt4(2YY6), and tt5(86) were also included.
Affinity Chromatography. Purified recombinant TRX-CHS or TRX-CHI was covalently attached to Affi-Gel 10 activated resin (Bio-Rad) in 100 mM Mops, pH 7.2͞150 mM NaCl͞1 mM 2-mercaptoethanol͞0.1% Tween-20͞80 mM CaCl 2 for 4 h at 4°C. The coupling reaction was quenched by adding ethanolamine to 100 mM for 1 h. Unbound protein was removed by washing with 10 vol of 20 mM Tris, pH 7.2͞150 mM NaCl͞1 mM 2-mercaptoethanol͞0.1% Tween-20 three times. Coupling efficiency was assessed based on the amount of protein present in solution before and after binding as determined using the Bio-Rad protein assay. Greater than 90% of the protein was routinely bound to give a concentration of approximately 35 mg protein per ml of resin.
To prepare the extracts for affinity purification of flavonoid enzymes, seedlings were ground to a fine powder in liquid nitrogen, suspended in plant lysis buffer (50 mM Tris, pH 7.2͞150 mM NaCl͞1 mM 2-mercaptoethanol͞70 g/ml DNase 
, and incubated at 25°C for 20 min. Insoluble material was pelleted at 30,000 ϫ g for 10 min at 20°C, and 400 l of the remaining soluble plant lysate was incubated with 25 nmol of resin-coupled ligand with gentle agitation at 4°C for 2 h. The resin was pelleted at 500 ϫ g for 30 sec and resuspended in 30 vol of plant lysis buffer without DNase. Bound proteins were eluted in 30 l of 65 mM Tris, pH 6.8͞2% SDS͞15% glycerol at 65°C for 5 min, and the resin was pelleted at 500 ϫ g for 30 sec. One-fifth of the eluted sample was used for immunoblot analysis (see below).
Immunoprecipitation Assay. For affinity purification of polyclonal anti-CHI IgY (39), 100 mg of crude antibody preparation was passed over 80 mg of TRX-CHI fusion protein coupled to 2 ml of Affi-Gel 10 (described above) three times at a flow rate of 0.5 ml͞min. The column was washed with 20 vol of 10 mM Tris, pH 7.2͞0.3 M NaCl͞0.05% Tween-20. Bound antibodies were eluted by using 10 vol of 0.1 M glycine, pH 2.5, at a flow rate of 2 ml͞min and then neutralized with 1͞10 vol of 1 M Tris, pH 7.2. Efficient elution was verified by monitoring heavy and light chain peptides using reducing SDS͞PAGE. Immunoreactivity of the antibody was tested in immunoblot analysis. A total of 0.9 mg of polyclonal anti-CHI was recovered.
Antibodies were covalently linked to Affi-Gel Hz (Bio-Rad) according to the manufacturer's recommendations, with 850 g of affinity-purified anti-CHI IgY or 8.5 mg of protein from preimmune serum coupled to 1 ml of resin. Soluble plant lysate (400 l), prepared from seedlings as above but without 2-mercaptoethanol, was mixed with 10 g of immobilized anti-CHI IgY and agitated for 2 h at 4°C. Resin was collected by centrifugation at 500 ϫ g for 30 sec and then washed with 30 bed volumes of plant lysis buffer without DNase. Proteins were eluted from the resin in 50 l of 65 mM Tris, pH 6.8͞2% SDS͞15% glycerol at 65°C for 5 min, and the resin was pelleted by centrifugation as before. One-fifth of the elution volume was used for immunoblot analysis.
Analysis of CHI Molecular Mass. Seedlings were ground in liquid nitrogen and suspended in lysis buffer containing 50 mM Tris, pH 7.2͞150 mM NaCl͞70 g/ml DNase I͞0.6% Nonidet P-40͞ 0.6% CHAPS. The samples then were incubated with 5 mM benzamidine͞1 mM PMSF͞2 m leupeptin͞2 m pepstatin͞1 m aprotinin͞4 mM pefabloc and either 2 mM manganese, 2 mM magnesium, 5 mM EDTA, 1 M hydroxylamine, 1 M Tris (pH 7.2), or 0.2 M KOH, at 25°C with gentle agitation. Samples were collected at various time points, mixed with an equal volume of 125 mM Tris, pH 6.8͞4% SDS͞20% glycerol, heated at 65°C for 5 min, and then frozen at Ϫ80°C before immunoblot analysis.
Immunoblot Analysis. Protein samples were fractionated by reducing SDS͞PAGE and electroblotted to 0.2 M supported nitrocellulose (Bio-Rad). Filters were incubated with anti-CHI (39) or anti-CHS (19) IgY antibodies, diluted in 1ϫ PBS-T as follows: anti-CHS (1:1,000), anti-CHI (1:200), affinity-purified anti-CHI (1:5,000), and anti-F3H (1:500). Horseradish peroxidase (HRP)-conjugated donkey whole IgG anti-IgY (Jackson ImmunoResearch) was used as the secondary antibody at a 1:125,000 dilution. Antiphosphoserine, antiphosphotyrosine, antiphosphotryptophan, and antiphosphoprotein antibodies (Zymed) were used at dilutions of 1:10,000, and a HRPconjugated anti-IgG was used as the secondary antibody at a 1:50,000 dilution. HRP activity was detected by using Supersignal Ultra (Pierce) according to the manufacturer's instructions and BioMax film (Kodak).
Results

Arabidopsis Flavonoid Enzymes Interact with One Another in Defined
Orientations. As an initial test of the hypothesis that flavonoids are synthesized by a complex of soluble enzymes, the two-hybrid system was used to assay protein-protein interactions between several key Arabidopsis flavonoid enzymes. CHS, CHI, and DFR each were fused to the C terminus of the Gal4 1-147 DNA-binding and Gal4 768 -881 transactivating domains (40) . The constructs were introduced into the yeast host, HF7c, both individually and in all nine possible pairwise combinations. Activation of the His3 reporter by interactions between fusion proteins was assayed by screening for histidine prototrophy and 3-aminotriazole resistance. This assay revealed that CHS, CHI, and DFR interact with DFR, CHS, and CHI, respectively (Fig. 2) . However, these interactions were detected only for specific fusion pairs, suggesting that the orientation of the flavonoid enzymes in this system was essential for these interactions.
To quantify these results, ␤-galactosidase activity was assayed in the soluble protein fraction of yeast spheroplast lysates. Yeast cells expressing interacting flavonoid enzymes based on a hisϩ phenotype exhibited approximately half the ␤-galactosidase activity of cells expressing an SV40 T antigen͞p53 interacting pair (data not shown). Moreover, this was approximately 20 times the level of activity observed in control yeast cells containing any of these plasmids alone (data not shown). Because the His3 and ␤-galactosidase reporter genes in HF7c share only the cis elements for Gal4 binding (36) , these results indicate that histidine prototrophy is the result of specific protein-protein interactions between flavonoid enzymes.
Flavonoid Enzymes Can Be Purified from Plant Lysates by Affinity
Chromatography. To extend the results of the two-hybrid experiments, protein-protein interactions between flavonoid enzymes were assayed in Arabidopsis seedling lysates by affinity chromatography. Recombinant TRX-CHS or TRX-CHI was covalently attached to Affi-Gel 10 resin. Unlike previous efforts to use GST fusion proteins bound to glutathione-beaded agarose or TRX fusion proteins bound to TALON metal affinity resin (not shown), the covalently bound ligand did not leach appreciably from the resin because recombinant protein was not detected in subsequent immunoblot analysis of affinity-purified plant protein (see below). Crude soluble protein was prepared from Arabidopsis seedlings grown for 3 days under continuous white light in the presence of sucrose, conditions under which flavonoid enzymes accumulate to high levels (19, 39) . Proteins that bound to the immobilized TRX-CHI or TRX-CHS were examined by immunoblot analysis by using antibodies against CHS, CHI, or F3H; antibodies against DFR were not available for these experiments. A very small amount of CHS and F3H protein could be eluted reproducibly from the immobilized TRX-CHI by using lysates from wild-type seedlings (Fig. 3) . Binding of CHI and F3H to TRX-CHS was also near the limit of detection. However, using lysates from tt4 and tt5 seedlings, which lack CHS and CHI protein, respectively (19), significant amounts of CHS, CHI, and F3H could be eluted from the affinity columns. This suggests that the endogenous enzymes compete for binding with the recombinant protein immobilized on the affinity column. In control experiments, immobilized TRX did not bind detectable amounts of CHS, CHI, or F3H from either wild-type or mutant plant lysates, demonstrating that binding was specific for the recombinant CHS and CHI proteins. These experiments extend the results of the two-hybrid analysis, showing that CHS, CHI, and F3H enzymes produced in plant cells can form specific protein-protein interactions.
Anti-CHI Coimmunoprecipitates CHS and F3H. As a third approach to detecting associations among Arabidopsis flavonoid enzymes, affinity-purified anti-CHI IgY was used in immunoprecipitation experiments with lysates from 3-day-old seedlings. Protein A-or protein G-coupled Sepharose did not bind IgY with sufficient affinity for use in these experiments (data not shown). Instead, anti-CHI IgY was coupled directly to Affi-Gel Hz resin via stable hydrazone linkages between the matrix and the heavy chain oligosaccharide residues of the IgY molecules. The resin-linked antibody effectively depleted the crude plant lysate of CHI enzyme (Fig. 4) . A portion of the CHS and F3H present in the lysates was also recovered in the precipitated fraction. IgY from preimmune serum did not immunoprecipitate any of these enzymes in control experiments. This provides additional evidence for the association of CHS and F3H with CHI in the plant cell.
Evidence for Covalent Modification of CHI. The native Arabidopsis CHI protein has a predicted molecular mass of 26 kDa (20) , yet the protein detected by immunoblot analysis of plant extracts consistently migrates at approximately 31 kDa on SDSpolyacrylamide gels (19, 39) . During the affinity chromatography experiments, some of the CHI protein in the crude protein extracts was found to change to an apparent mass of approximately 26 kDa after incubation with affinity resin at 4°C for 2 h in buffer containing 2-mercaptoethanol (Fig. 3) . It subsequently was found that incubation of plant cell lysates in buffer containing 2 mM 2-mercaptoethanol at room temperature for 7 h resulted in a gradual shift of almost all of the CHI protein from 31 to 26 kDa (Fig. 5) . This change in apparent mass was not observed when the 2-mercaptoethanol was omitted from the buffer. The high-molecular-mass species was not an artifact resulting from incomplete inhibition of disulfide bond formation Fig. 3 . Immunoblot analysis of Arabidopsis flavonoid enzymes recovered by affinity chromatography. Recombinant CHS or CHI was covalently attached to Affi-Gel 10 resin and used as an affinity matrix to bind interacting flavonoid enzymes from wild-type Columbia (Co), Landsberg (La), tt4(2YY6) (CHS null), or tt5 (CHI null) lysates. Bound endogenous plant proteins were eluted from resin and identified by using immunoblot analysis. U, unbound; B, bound proteins from lysate; and T, total lysate control. Fig. 4 . Coimmunoprecipitation of flavonoid enzymes. Affinity-purified anti-CHI bound to Affi-Gel Hz resin was used to precipitate CHI from crude soluble protein extracts of 3-day-old seedlings. A control experiment was performed by using the corresponding preimmune serum. Immunoblot analysis was used to identify other flavonoid enzymes that coimmunoprecipitated with CHI. T, total lysate; U, unbound; and P, precipitated proteins. Asterisks indicate the positions of the light and heavy chains of the IgY (anti-CHI) or IgG (preimmune serum) that were eluted from the resin together with the immunoprecipitated proteins.
during extraction, however, because only the 31-kDa form was detected immediately after extraction even in the presence of 2-mercaptoethanol concentrations as high as 5 M (Fig. 5) . Moreover, CHI overexpressed in E. coli remained as a single molecular mass species, even in the presence of 2 mM 2-mercaptoethanol. This indicates that CHI is specifically modified within the plant cell to a higher-molecular-mass form. The presence of 2 mM manganese, 2 mM magnesium, 5 mM EDTA, 5 mM benzamidine, 1 mM PMSF, 2 m leupeptin, 2 m pepstatin, 1 m aprotinin, or 4 mM pefabloc in the lysis buffer had no effect on the apparent mass of CHI (data not shown). Antiphosphoserine, antiphosphotyrosine, antiphosphotryptophan, and antiphosphoprotein antibodies also failed to detect immunoprecipitated CHI of either type by immunoblot analysis (data not shown). This suggests that the two forms of CHI are not the result of proteolysis or phosphorylation. Instead, CHI may contain some additional group attached by a bond that is sensitive to reduction by thiols.
A common thiol-sensitive linkage found in proteins is the thioester bond by which moieties like fatty acids are attached to cysteine residues. Thioesters are cleaved rapidly by 1 M hydroxylamine at 25°C (41) . It should be noted that hydroxylamine will also specifically hydrolyze Asn-Gly peptide bonds, but only after 9 h at 45°C at a 2 M concentration (42) . When hydroxylamine was added to the extraction buffer at a concentration of 1 M, approximately half of the CHI shifted to 26 kDa in 30 min at 25°C (Fig. 5) . Incubation for more than 4 h at 25°C was required to obtain the same result with 2 mM 2-mercaptoethanol. Treatment with 1 M Tris, pH 7.2, or 0.2 M KOH had no effect. These results are consistent with the possibility that CHI is modified with a moiety linked by a thioester bond.
Discussion
Current data suggest that spatial organization is a fundamental aspect of most, if not all, cellular processes. This includes metabolic systems in which catalytic efficiency and control of end-product specificity can be enhanced by the assembly of enzymes into macromolecular complexes. The idea that phenylpropanoid and flavonoid metabolism may involve macromolecular enzyme assemblies can be traced back 35 years to Helen Stafford's suggestion that this organization might regulate the partitioning of intermediates among competing pathways and determine the intracellular deposition of end products (25, 43) . Biochemical data in support of this concept subsequently led to a model suggesting that these pathways are assembled as a linear array of sequential enzymes loosely anchored to the cytoplasmic face of endoplasmic reticulum membranes (29, 33) .
We have demonstrated specific interactions among enzymes of flavonoid biosynthesis based on three criteria: activation of multiple reporter genes in a yeast two-hybrid system, extraction of flavonoid enzymes from crude plant protein extracts by CHSand CHI-affinity chromatography, and coimmunoprecipitation of various flavonoid enzymes with an antibody specific for CHI. The results of the two-hybrid analysis indicate that the Arabidopsis CHS, CHI, and DFR enzymes are involved in specific protein-protein interactions. However, these interactions are detectable only for certain fusion combinations; for example, CHS fused to the Gal4 1-147 interacts with DFR but not with CHI, whereas CHS fused to Gal4 768 -881 interacts with CHI but not with DFR. These results suggest that specific protein association domains are masked by the fusion partner in some constructs or that accessibility is affected by the orientations of the proteins relative to each other. These data could indicate that the enzymes that catalyze the synthesis of flavonoids form a globular complex rather than being assembled in a strictly linear array, as hypothesized in the past (32, 33) .
The results of affinity chromatography experiments suggested that flavonoid enzymes also interact with each other in plant cells. Recombinant CHS and CHI proteins that were immobilized on resin bound to each other and to F3H from plant lysates. This binding was enhanced for lysates in which the enzyme corresponding to the immobilized ligand was absent as a result of a null mutation, suggesting that the endogenous plant enzymes compete with the immobilized protein for binding of other flavonoid enzymes. Further evidence for association of flavonoid enzymes in plant cells was provided by experiments showing that CHS, CHI, and F3H were coimmunoprecipitated from plant cell lysates by anti-CHI IgY antibodies. This represents direct evidence of protein-protein interactions among enzymes of the flavonoid pathway and, together with the cofractionation experiments of Hrazdina and others (reviewed in ref. 26 ), provides strong support for the existence of a flavonoid enzyme complex.
We also have found that CHI can exist in two forms of different molecular mass. It is unlikely that the change in mass observed in our experiments was due to proteolysis for several reasons. First, the shift in size occurred in plant extracts even in the presence of a complex mixture of protease inhibitors. Second, although CHI appeared to be more resistant to proteolysis in lysates from the CHS mutant, tt4(85), than in wild-type lysates, CHI still shifted from 31 to 26 kDa in the presence of 2-mercaptoethanol in the mutant (data not shown). Third, the molecular mass shift could be duplicated by hydrolysis of CHI protein with hydroxylamine. A disparity in the size of the CHI protein has been reported in past studies with a variety of plant species (44) (45) (46) (47) . Although the molecular basis for this size disparity is not known in any of these cases, several authors have attributed it to the binding of phenolics or membranous fragments to the relatively hydrophobic CHI enzyme. Our results suggest that CHI is covalently coupled via a thiol-sensitive linkage, such as a thioester bond, to a specific moiety that decreases its mobility during SDS͞PAGE. We have considered the possibility that CHI is posttranslationally modified with long-chain fatty acids such as palmitate (48) that could play a role in controlling the association of CHI with other flavonoid enzymes at the endoplasmic reticulum. Another possibility is that CHI forms thioester linkages with the thiol group of CoA esters, such as malonyl-or coumaroyl-CoA (Fig. 1) , as part of a feedback mechanism. The Arabidopsis enzyme contains a total of three cysteines that are potential targets for thiol-sensitive modification. Further studies are underway to examine the possibility that these sites play a previously unsuspected role in Fig. 5 . Analysis of the two molecular mass variants of CHI. Samples of plant extracts treated with specific compounds were fractionated by using reducing SDS͞PAGE and then assayed for CHI by immunoblot analysis. Time points were taken at 1, 4, or 7 h for plant lysates with and without 2 mM 2-mercaptoethanol (ϩ͞Ϫ me). Samples were collected after 30 min of incubation with 1 M Tris, pH 7.2 (T); 0.2 M KOH (OH); 1 M hydroxylamine, pH 7.2 (H); or 5 M 2-mercaptoethanol (me). S, plant lysate, used as a size standard, that contains both molecular mass species of CHI after incubation in buffer containing 2-mercaptoethanol for 4 h. The two bands migrate at approximately 31 and 26 kDa relative to molecular mass standards.
controlling enzyme activity or perhaps even the macromolecular organization of flavonoid metabolism.
A better understanding of metabolism within the framework of specifically localized enzyme complexes may provide powerful approaches to engineering new or improved metabolic pathways in living cells. Simple applications of this concept are already yielding impressive results. These include efforts to use recombinant bifunctional enzymes in lieu of difficult synthetic approaches for the commercial production of oligosaccharides (49) and engineering of the polyketide synthase multicatalytic complex for the production of novel antibiotic macrolides (50) . There is also an increasing appreciation for defects in enzyme complex assembly in relation to disease, for example, the role of NADH dehydrogenase assembly in hereditary optic neuropathy (51) and assembly of the branched chain ␣-keto acid dehydrogenase complex in maple syrup urine disease (52) . The rational design of metabolic pathways clearly has enormous potential for bioproduction, for engineering metabolic systems for agronomic improvement of plants and animals, and for advances in the elucidation and treatment of disease. The study of tractable systems such as the Arabidopsis flavonoid pathway can provide a more comprehensive understanding of the complex structural organization of cellular metabolism and the associated regulatory and kinetic implications.
